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INTRODUCTION 

Crude shale o i l ,  as produced by many r e t o r t i n g  processes ,  conta ins  cons iderable  
n i t rogen  and s u l f u r ,  has  a lower hydrogedcarbon r a t i o  than most h igh-qual i ty  p e t r o l -  
eum o i l s ,  and has l i t t l e  m a t e r i a l  b o i l i n g  i n  t h e  gaso l ine  range. Reduction of t he  
b o i l i n g  range and e l i m i n a t i o n  of most of  t h e  n i t rogen  and s u l f u r  a r e  necessary i n  
producing l i q u i d  products  s u i t a b l e  f o r  f u r t h e r  process ing  t o  motor f u e l s  by modern 
r e f i n e r y  methods. Hydrogenation under c rack ing  cond i t ions  (here  termed "hydrocrack- 
ing") i s  one way of accomplishing these  ob jec t ives .  
c a t a l y s t s  f o r  t h i s  purpose i s  important t o  f u t u r e  commercial use o f  t h e  o i l .  

Development of hydrocracking 

Uranium compounds have, a t  va r ious  times , been t e s t e d  a s  hydrogenation c a t a l y s t s .  
P r i o r  t o  World War 11, uranium was gene ra l ly  be l ieved  t o  occupy a p o s i t i o n  i n  t h e  
per iodic  t a b l e  a s  a member of t he  chromium subgroup of elements toge ther  wi th  chro- 
mium, molybdenum, and tungs ten .  I n  forming a c h a r a c t e r i s t i c  s o l i d  t r i o x i d e  and i n  
d i sp l ay ing  oxida t ion  va lences  from 3 t o  6 (11,13), uranium resembles molybdenum and 
tungs ten ,  whose compounds have found cons ide rab le  a p p l i c a t i o n  a s  c a t a l y s t s  f o r  hydro- 
genation-dehydrogenation r e a c t i o n s .  These f a c t s  prompted t h e  t e s t i n g  of uranium com- 
pounds f o r  similar uses ,  and s e v e r a l  p a t e n t s  were i ssued  f o r  t hese  uses (1). Modern 
ve r s ions  of the  pe r iod ic  t a b l e  p lace  uranium i n  the a c t i n i d e  s e r i e s  of elements i n  
a pos i t i on  analogous t o  t h a t  o f  neodymium i n  t h e  lan thanide  s e r i e s ,  which a l so  has 
been reported t o  be a c a t a l y s t  f o r  hydrogenation-dehydrogenation r eac t ions  (14). 

A s  a r e s u l t  of t h e  atomic energy program, the  Federa l  government has accumulated 
a l a rge  s t o c k p i l e  of "depleted uranium" -- t he  m a t e r i a l  remaining a f t e r  t h e  U-235 
i so tope  has  been removed. The ex t r ao rd ina ry  p u r i f i c a t i o n  procedures used i n  i t s  
prepara t ion  encourage a p p l i c a t i o n s ,  such -as  c a t a l y s t  use,  where r e l a t i v e l y  high 
freedom from contaminants might be advantageous. 

This  paper r e p o r t s  t h e  p repa ra t ion  and t e s t i n g  of two deple ted  uranium oxide 
c a t a l y s t s  f o r  u se  i n  hydrocracking crude sha le  o i l .  
i ng  experiments were t o  conver t  h igh -bo i l ing  s h a l e  o i l  i n t o  gaso l ine-boi l ing- range  
products and t o  e l i m i n a t e  s u l f u r  and n i t rogen  from the  gaso l ines  produced. 

The ob jec t ives  of t he  hydrocrack- 

CATALYST PREPARATION 

One of the  s imples t  methods of prepar ing  a c a t a l y s t  f o r  heterogeneous c a t a l y t i c  
r e a c t i o n s  involves  impregnating a porous s o l i d  m a t e r i a l  t h a t  se rves  a s  a c a t a l y s t  
support  wi th  a s o l u t i o n  of t h e  a c t i v e  ing red ien t s ,  d ry ing  t h e  impregnated support  
i n  an oven, and a c t i v a t i n g  the d r i e d  c a t a l y s t  by "ca lc in ing"  o r  hea t ing  it i n  a fu r -  
nace a t  a temperature t h a t  i s  u s u a l l y  a t  least as h igh  as t h a t  t o  be used i n  the  
ca ta lyzed  r eac t ion .  When meta l  oxides a r e  t o  be depos i ted  on the  suppor ts ,  s o l u t i o n s  
of t he  n i t r a t e s  o f t e n  are used a s  the  impregnating media because t h e  n i t r a t e s  u sua l ly  
have exce l l en t  s o l u b i l i t y  i n  water  and a r e  e a s i l y  decomposed t o  the  oxides by hea t ing  
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(2,4,6,9,15,18). 
a c t e r i s t i c  of t h e  metals , a r e  formed. 

During the c a l c i n i n g  s t ep ,  t he  most s t a b l e  oxides, which a r e  char- 

When the  c a t a l y s t s  a r e  t o  be used f o r  r e a c t i o n s  t h a t  a r e  conducted i n  hydrogen 
atmospheres, they  o f t en  a r e  p r e t r e a t e d  with hydrogen gas t o  reduce t h e  c h a r a c t e r i s t i c  
oxides t h a t  were formed dur ing  the  c a l c i n i n g  s t e p  t o  lower oxides,  o r  t o  oxygen-free 
metals (2-4). 

The uranium oxide c a t a l y s t s  tested i n  t h i s  work were prepared by t h e  above 
methods. 
t i o n  temperature (about 662°F (ll)), was used f o r  impregnating porous s o l i d  supports 
f o r  the  t e s t s .  

Uranyl n i t r a t e ,  which has a high s o l u b i l i t y  i n  water and a low decomposi- 

Ca ta lys t  Supports 

Two d i f f e r e n t  m a t e r i a l s  were used a s  c a t a l y s t  supports.  These were F-10 a c t i -  
va ted  alumina, on which t h e  uranium oxide was the  s o l e  added ing red ien t ,  and c o b a l t  
molybdate hydrodesul fur iza t ion  c a t a l y s t  wi th  an alumina base.  

The F-10 alumina was a s tandard ,  low-soda alumina, i n  the  form of 8- t o  14-mesh 
granules  having approximately 100 square meters of su r f ace  a rea  p e r  gram. It was 
descr ibed  by t h e  manufacturer as a ca t a ly t i c -g rade  alumina, and has been used exten- 
s i v e l y  as a c a t a l y s t  support .  

The c o b a l t  molybdate c a t a l y s t  was i n  the  form of 6- t o  10-mesh g ranu les  having 
a su r face  a r e a  of about 350 square meters per gram. It contained 2.3 percent  c o b a l t  
and 15.5 percent  molybdenum i n  the  form of t h e  oxides  on alumina. The uranium oxide 
c a t a l y s t  us ing  coba l t  molybdate c a t a l y s t  as a support  was prepared fo l lowing  the  
experimental  work with uranium oxide on alumina, which showed t h a t  t h e  a d d i t i o n  of 
uranium oxide t o  alumina increased  t h e  hydrocracking of h igh-boi l ing  s h a l e  o i l  to  
lower b o i l i n g  ma te r i a l .  It was hoped t h a t  t h e  presence o f  uranium oxide  on coba l t  
molybdate would combine t h e  b e n e f i t s  of e x c e l l e n t  s u l f u r  and n i t r o g e n  e l imina t ion  
provided by the coba l t  molybdate wi th  the increased  conversion t o  lower b o i l i n g  f r ac -  
t i o n s  provided by the uranium oxide. 

Use of one c a t a l y t i c  agent depos i ted  on ano the r  c a t a l y s t  i s  f a r  from new. 
Hendricks (8), i n  a Union O i l  Co. pa t en t  f o r  preparing coba l t  molybdate c a t a l y s t ,  
descr ibed  a procedure f o r  success ive  impregnation of a c a r r i e r  by sa l t s  of molybdenum 
and c o b a l t  with dry ing  and c a l c i n i n g  s t e p s  in t e r spe r sed .  
func t iona l"  naphtha-reforming c a t a l y s t s  prepared by adding m e t a l l i c  a g e n t s  t o  
s i l i ca -a lumina  c racking  c a t a l y s t s  a r e  examples of  such prepara t ions .  

Also, t he  numerous "poly- 

Impregnation Procedure 

In  prepar ing  the c a t a l y s t s ,  a weighed amount of  deple ted  uranium t r i o x i d e  was 
d isso lved  i n  a s to i ch iomet r i c  q u a n t i t y  of 1.0 N n i t r i c  a c i d  t o  form u rany l  n i t r a t e  
s o l u t i o n  which was then d i l u t e d  wi th  s u f f i c i e n t  water t o  cover  t h e  s e l e c t e d  quan t i ty  
of c a t a l y s t  support .  
overn ight ,  and any unabsorbed s o l u t i o n  was decanted. 
d r i e d  f o r  24 hours a t  250°F and cooled, and t h e  prev ious ly  unabsorbed s o l u t i o n  was 
slowly poured onto i t  while t h e  support  w a s  be ing  s t i r r e d .  
ing  of t h e  s o l u t i o n  and support  was completed, a l l  of t h e  s o l u t i o n  w a s  absorbed. 
The impregnated support  w a s  r ed r i ed  and then  ca l c ined  overn ight  a t  1,050'F i n  a 
stream of 2 volumes of d r y  a i r  per volume of c a t a l y s t  per minute t o  conve r t  t he  
u rany l  n i t r a t e  t o  oxides. 

The support  was immersed i n  t h e  s o l u t i o n ,  and allowed t o  remain 
The impregnated suppor t  was 

When t h i s  second con tac t -  

A s  a matter of convenience, t h e  oxides on t h e  c a t a l y s t  suppor ts  are r e fe r r ed  t o  
a s  UO3, and t h e  percentages repor ted  a s  being present  on t h e  alumina and c o b a l t  
molybdate are the  amounts of o r i g i n a l  uranium t r i o x i d e  expressed as percentages  of 
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t h e  o r i g i n a l  d r y  c a r r i e r  weights.  Uranium t r i o x i d e  lo ses  oxygen a t  temperatures 
above 660'F to  form lower oxides  of complicated composition (11-13). Because of 
t h i s  loss ,  the uranium oxides  on t h e  ca l c ined  c a t a l y s t s  d i d  no t  have the  exac t  com- 
p o s i t i o n  represented  by t h e  formula, UO3. 
they  were p re t r ea t ed  overn ight  i n  t h e  hydrogenation r e a c t o r ,  a treatment which would 
tend t o  remove some oxygen. 

Also, be fo re  the  c a t a l y s t s  were used 

Ca ta lys t s  con ta in ing  u03 equa l  t o  10 percen t  of  t h e  weight of t h e  F-10 alumina 
and of t h e  cobal t  molybdate suppor t  were prepared. This  percentage was used a f t e r  
e a r l i e r  a t t empt s  t o  p repa re  a c a t a l y s t  con ta in ing  a monomolecular l a y e r  of u03 , 
fo l lowing  the  work of Russe l l  and Stokes (16) a s  a gu ide l ine ,  were unsuccessfu l .  
was  ca l cu la t ed  by t h e  method of Innes (10) t h a t  a q u a n t i t y  of U03 equal  t o  29 per- 
c e n t  of t h e  weight of t h e  c a r r i e r  would be  needed t o  form a monomolecular l a y e r  on 
F-10 alumina. In  a t t e m p t s  t o  prepare a c a t a l y s t  con ta in ing  t h i s  amount of UO3, i t  
was found t h a t  the  oxide  formed a loose,  bulky d e p o s i t  t h a t  d i d  not adhere w e l l  t o  
t h e  alumina. Other p repa ra t ions  conta in ing  15 t o  20 percent  u03 a l s o  were unsuccess- 
f u l  f o r  t h e  same reasons .  A c a t a l y s t  con ta in ing  u03 equal  t o  10 percent  of the  
alumina weight appeared t o  have a s t a b l e  depos i t  of uranium oxide t h a t  d id  not shed 
from t h e  alumina. 
t h e r e f o r e  used i n  p repa r ing  catalysts from F-10 alumina and from c o b a l t  molybdate 
f o r  use i n  hydrocracking experiments. 

It 

Uranium oxide  amounting t o  10 percent  of t h e  c a r r i e r  weight was ' 

HYDROCRACKING EXPERIMENTS 

Equipment and Procedure 

A flow diagram of  t h e  equipment used f o r  t h e  hydrocracking tes ts  i s  shown i n  ' 
f i g u r e  1. 

The type 347 s t a i n l e s s  steel r e a c t i o n  v e s s e l ,  40 inches  long and 13 inches in  
i n t e r n a l  diameter,  conta ined  a thermowell 9/16 inch  i n  diameter.  
long beginning 8 inches  from t h e  bottom of the  r e a c t o r  contained 300 cc  of t h e  
c a t a l y s t  supported i n  t h e  hea ted  zone of a n  e l e c t r i c  furnace,  and a n  upper 19-inch 
s e c t i o n  serv ing  a s  t h e  p r e h e a t e r  contained 4-mesh Alundum gra in .  
t u r e s  were measured by thermocouples placed $ inch  below t h e  top  of t he  c a t a l y s t ,  
3 inch above t h e  bottom of t h e  c a t a l y s t ,  and a t  2%-inch i n t e r v a l s  i n  t h e  c a t a l y s t  
bed. 
used wi th  a n  au tomat ic  c o n t r o l l e r  t o  r e g u l a t e  c u r r e n t  t o  t h e  elements of t h e  e l e c t r i c  

A s e c t i o n  12 inches 

Ca ta lys t  tempera- 

Addi t iona l  thermocouples, placed a long  the ou te r  wa l l  of t he  r eac to r ,  were 

furnace surrounding t h e  r eac to r .  I 

Hydrogen was measured  by displacement with co r ros ion - inh ib i t ed  water  from a 
Hydrogen and o i l  were "f low-hydrogen" c y l i n d e r  maintained a t  r e a c t i o n  pressure .  

mixed a t  t h e  i n l e t  t o  t h e  r e a c t o r ,  and t h e  mixture flowed downward through the  p r e -  
hea t ing  and c a t a l y s t - c o n t a i n i n g  sec t ions  of t h e  r e a c t o r .  

Products from t h e  r e a c t o r  passed i n t o  a h igh-pressure  sepa ra to r  maintained a t  
r e a c t i o n  pressure  and 350'F where t h e  h igh-boi l ing  o i l s  were condensed. Vapors from 
t h e  top of t h i s  s e p a r a t o r  passed i n t o  ano the r ,  kep t  a t  40°F, f o r  s epa ra t ion  of l o w e r  
b o i l i n g  o i l s  from t h e  gas  stream. 
by b leeding  gas from t h e  co ld  sepa ra to r  through a meter  and i n t o  a ho lde r  f o r  sam- 
p l ing .  Liquid products were kept  i n  the  s e p a r a t o r s  u n t i l  t h e  end of each run, a t  
which time t h e  l i q u i d  products  from the  co ld  sepa ra to r  were dra ined  i n t o  a r ece ive r  
maintained a t  a tmospher ic  p re s su re  and temperature.  Light ends ( c h i e f l y  butanes 
and pentanes) l i b e r a t e d  du r ing  t h i s  d ra in ing  were condensed i n  a Dry I ce  t r a p .  Light 
ends from d i s t i l l a t i o n  of  t h e  combined l i q u i d  products were added t o  these  l i g h t  ends 
before  mass spec t rometer  ana lys i s .  

Backpressure on the  system was maintained constant 

Gasolines c o n s i s t i n g  of  a l l  l i q u i d s  d i s t i l l i n g  up  t o  a d i s t i l l a t i on -co lumn head 
temperature of 400'F were sepa ra t ed  by d i s t i l l a t i o n  of t he  combined l i q u i d  products , 
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i n  a n  a d i a b a t i c  g l a s s  l abora to ry  column packed with s t a i n l e s s  s teel  h e l i c e s .  
m a t e r i a l  heav ie r  than gaso l ine  was reported as "recycle  o i l . "  

A l l  

Gases and l i g h t  ends were analyzed wi th  a mass spectrometer .  Carbon d e p o s i t s  
on t h e  c a t a l y s t s  were determined by measuring t h e  carbon d iox ide  obtained when a i r  
was passed through t h e  r e a c t o r  (which had been purged wi th  helium a t  t h e  end of  each 
run) t o  r egene ra t e  t h e  c a t a l y s t .  
of t h e  feed and products.  

Hydrogen consumption w a s  c a l c u l a t e d  from a n a l y s i s  

A l l  of t h e  hydrocracking experiments were conducted a t  3,000 p s i g  p re s su re  wi th  
a hydrogen feed r a t e  of 6,000 s c f  pe r  b a r r e l  and a space v e l o c i t y  of 1.0 volume of  
o i l  per volume of c a t a l y s t  per hour (Vo/Vc/hr), but  d i f f e r e n t  r e a c t i o n  temperatures  
were used f o r  t h e  ind iv idua l  experiments. Each experiment had a n  o p e r a t i n g  per iod 
of 6 hours.  

Hydrocracking experiments with s h a l e  o i l  were made over  uranium oxide on the  
alumina c a r r i e r  a t  temperatures ranging from 890" t o  1,002'F. 
were made with t h e  alumina c a r r i e r  a t  temperatures  o f  890" t o  1,004'F. Hydrocrack- 
ing  experiments with uranium oxide on c o b a l t  molybdate were made a t  temperatures  of 
807' t o  987'F; experiments with c o b a l t  molybdate were run  a t  a s l i g h t l y  h i g h e r  range 
of temperatures,  842' t o  1,01O0F, producing approximately t h e  same degree  of hydro- 
c rack ing  as obtained with t h e  uranium oxide on t h e  c o b a l t  molybdate. 

Comparison experiments 

Feedstock 

The sha le  o i l  used f o r  t h e  c a t a l y t i c  hydrocracking experiments was crude o i l  
produced i n  t h e  gas-combustion r e t o r t ,  from which t h e  small q u a n t i t y  of naphtha had 
been removed i n  a topping d i s t i l l a t i o n .  An excep t ion  t o  t h i s  was t h e  untopped feed 
used f o r  t h e  experiments with t h e  c o b a l t  molybdate c a t a l y s t .  Cor rec t ions  f o r  t h e  
7.4 weight-percent naphtha i n  t h i s  feed ,were made i n  t h e  conversion and y i e l d  calcu-  
l a t i o n s  f o r  t h i s  c a t a l y s t .  
untopped feeds were e s s e n t i a l l y  t h e  same. 
t o  those of crude s h a l e  o i l s  produced by many aboveground r e t o r t s .  

Nitrogen and s u l f u r  percentages i n  t h e  topped and 
The a n a l y s i s  shown in t a b l e  1 i s  similar 

CATALYST EVALUATION 

Uranium Oxide on F-10 Alumina 

To eva lua te  uranium oxide on F-10 a.lumina a s  a c a t a l y s t ,  i n fo rma t ion  on t h e  use 
of t h e  alumina without t h e  uranium oxide w a s  necessary.  Seve ra l  experiments i n  
hydrocracking s h a l e  o i l  over alumina were made a t  temperatures  of  890" t o  1,004'F 
t o  o b t a i n  t h i s  information. Comparable experiments were made w i t h  10 pe rcen t  uranium 
oxide on F-10 alumina a s  t h e  c a t a l y s t  a t  temperatures of 890" t o  1,002"F. Yields  and 
p r o p e r t i e s  of  t h e  l i q u i d  products  from t h e  experiments a r e  shown i n  t a b l e s  2,  3, and 
4. 

Figure 2A shows t h e  weight-percent conversion obtained a t  d i f f e r e n t  temperatures 
i n  t h e  experiments with the  alumina. 
b o i l i n g  above 400'F t h a t  i s  converted t o  a l l  o t h e r  products.)  A l i n e a r  r e g r e s s i o n  
curve f i t t e d  t o  t h e  d a t a  by t h e  method of least squares  (7) had a c o e f f i c i e n t  of  
de t e rmina t ion  (r2) of 0.97, showing t h a t  97 percent  of  t h e  v a r i a t i o n  i n  conversion 
a t  t he  d i f f e r e n t  temperatures was accounted f o r  by t h e  r e g r e s s i o n  l i n e .  

(Conversion i s  t h e  weight-percent  of feed 

Figure 2B shows t h e  weight-percent conversion obtained when t h e  same s h a l e  o i l  
was hydrogenated a t  a corresponding temperature range over alumina t o  which 10 weight- 
percent  UO3 had been added. 
with a c o e f f i c i e n t  of determinat ion of 0.96 drawn through t h e  d a t a  were s e v e r a l  per- 
c e n t  h ighe r  than those obtained with the  alumina support  a t  corresponding tempera- 
t u r e s .  

Weight-percent conversion va lues  f o r  a s t r a i g h t  l i n e  
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Figure  3 shows t h e  l i n e a r  r eg res s ion  l i n e s  of f i g u r e s  2A and 2 B  wi th  the 95- 
percent  confidence l i m i t s  f o r  each l i ne .  
were e l imina ted  from t h i s  f i gu re .  The c e n t r a l  l i n e  i n  each group of t h ree  l i n e s  is  
the  r eg res s ion  l i n e ,  and t h e  two l i n e s  above and below i t  a r e  t h e  95-percent conf i -  
dence l i m i t s  f o r  t h a t  l i n e .  These curves  may be in t e rp re t ed  a s  meaning t h a t  t he  
chances are 95 o u t  of 100 t h a t  t h e  t r u e  s t r a i g h t - l i n e  r eg res s ion  f o r . t h e  uranium 
c a t a l y s t ,  a f t e r  a l lowing  f o r  exper imenta l  e r r o r  i n  ga ther ing  t h e  d a t a ,  f a l l s  between 
i t s  95-percent conf idence  l i m i t s ,  and s i m i l a r l y ,  t h a t  t h e  chances a r e  95 out of 100 
t h a t  t h e  t r u e  s t r a i g h t - l i n e  r e g r e s s i o n  f o r  t h e  alumina c a t a l y s t  support  f a l l s  between 
i t s  95-percent conf idence  l i m i t s .  An apprec iab le  gap i s  observed t o  e x i s t  between 
the  lower 95-percent conf idence  l i m i t  f o r  the  uranium curve and the  upper 95-percent 
conf idence  l i m i t  f o r  t h e  alumina curve.  From t h i s ,  i t  is concluded t h a t  a s i g n i f i -  
c a n t  d i f f e r e n c e  e x i s t s  between t h e  convers ions  obtained wi th  t h e  deple ted  uranium 
c a t a l y s t  and those  obta ined  wi th  t h e  alumina suppor t  a t  the same opera t ing  tempera- 
t u re s .  

To prevent  confusion, t he  d a t a  p o i n t s  

The r eg res s ion  equa t ion  f o r  convers ion  ve r sus  temperature wi th  t h e  UOg-contain- 
i ng  c a t a l y s t  i s  

C = -335.9 +.0.4158tJ 

and t h a t  wi th  t h e  alumina is  

C = -302.6 + 0.3730t, 

where C = weight pe rcen t  convers ion ,  
and t = r eac t ion  tempera ture  i n  OF. 

The h igher  convers ions  obta ined  wi th  the  U03-containing c a t a l y s t  permit t he  use 
of apprec i ab ly  lower o p e r a t i n g  tempera tures  t o  ob ta in  a given degree  of conversion 
than a r e  necessary when us ing  the  alumina a s  a c a t a l y s t .  FOT e x a m p l e ,  t o  ob ta in  a 
60-percent conversion of c rude  s h a l e  o i l  with t h e  alumina, t h e  requi red  opera t ing  
tempera ture  i s  972°F as c a l c u l a t e d  by  equat ion  (2). 
obtained when us ing  t h e  U03-containing c a t a l y s t  a t  952°F a s  ca l cu la t ed  by equat ion  

The same conversion may be 

(1). 

A po r t ion  of t h e  d i f f e r e n c e  i n  conversions obtained a t  corresponding tempera- 
t u r e s  wi th  the two c a t a l y s t s  i s  accounted f o r  by a d i f f e r e n c e  i n  t h e  amounts of 
gaso l ine  produced. F igu re  4A shows t h e  gaso l ine  y i e l d s  obtained a t  var ious  r eac t ion  
temperatures with both  c a t a l y s t s .  
t h a t  more experiments would be needed t o  o b t a i n  unqua l i f i ed  s t a t i s t i c a l  v e r i f i c a t i o n  
of t h e  r e s u l t s ,  it appea r s  t h a t  gaso l ine  y i e l d s  obtained when us ing  t h e  uranium 
c a t a l y s t  were g r e a t e r  a t  cor responding  temperatures up to about 990°F. 

Although s c a t t e r  of t h e  d a t a  w a s  g r e a t  enough 

A t  t h e  h igher  p a r t  of t h e  tempera ture  range s tud ied ,  gaso l ine  y i e l d s  w i t h  both 
c a t a l y s t s  decreased because of a n  i n c r e a s e  i n  the  formation of low-molecular-weight 
gas. The decrease i n  g a s o l i n e  y i e l d  appeared t o  be more rap id  f o r  t he  uranium ca ta -  
l i s t  than  f o r  t h e  alumina suppor t  a t  temperatures above about 980°F. 
sugges ts  t he  poss ib l e  a p p l i c a t i o n  of uranium oxide  f o r  c a t a l y t i c  u s e  i n  hydrogas i f i -  
c a t i o n  of o i l s  t o  produce s y n t h e t i c  p i p e l i n e  gas. 

This e f f e c t  

Y ie lds  and p r o p e r t i e s  of products  from hydrogenation experiments may be con- 
v e n i e n t l y  expressed a s  func t ions  of conversion. F igure  5 shows the  r e l a t i o n s h i p s  
between weight-percent convers ion  and the  gaso l ine  y i e l d s ,  s u l f u r  and n i t rogen  con- 
t e n t s  , hydrocarbon types  , and oc tane  numbers of t h e  gaso l ines  when using the  uranium 
c a t a l y s t .  Figure 6 shows similar r e l a t i o n s h i p s  obtained when us ing  t h e  F-10 alumina. 

A comparison of t h e  two f i g u r e s  shows t h a t  t h e  gaso l ine  y i e l d s  obtained with 
t h e  two c a t a l y s t s  appeared t o  be about  t h e  same a t  corresponding conversion l e v e l s ;  
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however, a s  prev ious ly  d i scussed ,  corresponding convers ions  were obta ined  a t  lower 
temperatures with the  uranium c a t a l y s t .  The uranium c a t a l y s t  appeared t o  show some 
a c t i v i t y  f o r  e l imina t ion  of s u l f u r  frofn the  gaso l ine ,  but had a nega t ive  e f f e c t  on 
the  e l imina t ion  of n i t rogen .  
w i t h  t h e  two c a t a l y s t s  were about t he  same a t  corresponding convers ion  l e v e l s ,  and 
the  t r ends  e s t ab l i shed  a t  t h e  lower convers ion  l e v e l s  continued a t  t h e  h igher  con- 
v e r s i o n  l e v e l s  obtained wi th  t h e  uranium c a t a l y s t .  Unleaded oc tane  numbers of the 
gaso l ine  f r a c t i o n s  produced wi th  the two d i f f e r e n t  c a t a l y s t s  were n e a r l y  the  same 
a t  corresponding conversion l e v e l s ,  bu t  t h e  leaded-octane numbers of t h e  gaso l ines  
from t h e  uranium-catalyzed experiments were h ighe r  (probably because of t h e i r  lower 
s u l f u r  percentages) than  those  of t h e  gaso l ines  produced wi th  t h e  alumina. 

Hydrocarbon-type compositions of t h e  gaso l ines  produced 

The gaso l ine  obtained a t  t h e  h ighes t  temperature (1,002'F) and convers ion  (about 
78 weight-percent) wi th  t h e  uranium c a t a l y s t  had research-method oc tane  numbers of 
87.6 unleaded and 98.8 wi th  3 m l  of t e t r a e t h y l l e a d ,  bu t  t h e  g a s o l i n e  had poor c o l o r  
and c o l o r  s t a b i l i t y  (probably because of i t s  h igh  n i t rogen  con ten t  of over  1 percent )  
and h igh  gum content .  
be used i n  motor fue l .  

It would, t he re fo re ,  r e q u i r e  f u r t h e r  r e f i n i n g  be fo re  it could 

Uranium Oxide on Cobalt Molybdate Ca ta lys t  

The e f f e c t  of uranium oxide i n  promoting t h e  convers ion  of h igh -bo i l ing  s h a l e  
o i l  t o  lower b o i l i n g  material, as shown by t h e  r e s u l t s  obtained w i t h  uranium oxide  
on alumina, sugges ts  t h a t  i t  might b e n e f i c i a l l y  be combined wi th  a good hydrogenation 
c a t a l y s t  t o  ob ta in  the  b e n e f i t s  of both m a t e r i a l s ,  i .e. ,  g r e a t e r  convers ions  than  
obtained wi th  the  hydrogenation c a t a l y s t  and b e t t e r  q u a l i t y  g a s o l i n e  f r a c t i o n s  than 
obtained wi th  t h e  uranium oxide c a t a l y s t .  
prepared c o n s i s t i n g  of 10 pe rcen t  uranium oxide  depos i ted  on c o b a l t  molybdate c a t a l y s t .  

To t e s t  t h i s  hypothes is ,  a c a t a l y s t  was 

Y i e l d s  and p rope r t i e s  of l i q u i d  products from hydrocracking s h a l e  o i l  over t h e  
uranium on c o b a l t  molybdate a r e  given i n  t a b l e  5. Yields and p r o p e r t i e s  of products 
from hydrocracking sha le  o i l  over the c o b a l t  molybdate without t h e  added uranium a r e  
given i n  t a b l e  6. 

F igure  2C shows the  weight-percent convers ion  when sha le  o i l  w a s  hydrogenated 
over t h e  uranium oxide on coba l t  molybdate. 
s h a l e  o i l  w a s  hydrogenated over a sample of t h e  c o b a l t  molybdate c a t a l y s t  without 
the  uranium. Least-squares r eg res s ion  l i n e s  shown i n  the  f i g u r e s  had c o e f f i c i e n t s  
of de te rmina t ion  of 0.96 f o r  t he  uranium oxide on c o b a l t  molybdate and 0.97 f o r  t he  
c o b a l t  molybdate da t a .  

F igure  2D shows the  convers ion  when 

Figure  7 shows the  r eg res s ion  l i n e s  from f i g u r e s  2C and 2D with  t h e i r  95-percent 
From t h e  sepa ra t ion  between the  two s e t s  of curves ,  it i s  con- confidence l i m i t s .  

cluded t h a t  t h e  a d d i t i o n  of uranium oxide t o  t h e  c o b a l t  molybdate c a t a l y s t  r e su l t ed  
i n  a h igher  percent conversion of h igh-boi l ing  feed  t o  o the r  products  than  obtained 
wi th  t h e  o r i g i n a l  c o b a l t  molybdate a t  corresponding temperatures.  

The r eg res s ion  equa t ion  f o r  conversion ve r sus  temperature wi th  the  UOg-contain- 
ing c a t a l y s t  is  

C = -264.6 + 0.3645t, 3) 

and t h a t  wi th  t h e  c o b a l t  molybdate i s  

C = -296.1 + 0.3876t, 

where, as  be fo re ,  C = weight percent conversion, 
and t = r e a c t i o n  temperature i n  O F .  

4 )  
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A s  a n  example of t h e  d i f f e r e n c e  i n  t h e  temperatures r equ i r ed  t o  ob ta in  a given 
degree  of conversion of heavy sha le  o i l  when ope ra t ing  wi th  the  experimental  condi- 
t i o n s  of t h e  da t a ,  i t  i s  c a l c u l a t e d  from equat ions  (3) and (4) t h a t  a 60-percent 
convers ion  could be obta ined  a t  890'F with  the  uranium-containing c a t a l y s t ,  but a 
tempera ture  of 919°F would be requi red  with the  c o b a l t  molybdate c a t a l y s t .  
d i f f e r e n c e  of 29°F i n  r equ i r ed  opera t ing  temperatures would be a d i s t i n c t  advantage 
f o r  t h e  uranium-promoted c a t a l y s t .  

The 

Yie lds  of C5+ g a s o l i n e  produced from t h e  +400°F feed a t  d i f f e r e n t  r e a c t i o n  tem- 
pe ra tu res  when us ing  t h e  two c a t a l y s t s  a r e  shown i n  f i g u r e  4B. It is observed t h a t  
y i e l d s  of gaso l ine  produced a t  corresponding temperatures were g r e a t e r  when using 
the  uranium-promoted c a t a l y s t  a t  temperatures up t o  about 940'F. A t  h igher  operat-  
i ng  temperatures, g r e a t e r  gaso l ine  y i e l d s  were obtained wi th  the  unpromoted coba l t  
molybdate c a t a l y s t .  
h ighe r  tempera tures  because  of t he  formation of l a r g e  amounts of gas, but  t h e  per- 
cen tages  o f  gas were much g r e a t e r  wi th  the  uranium-promoted c a t a l y s t  than  wi th  the 
c o b a l t  molybdate, 
could be b e n e f i c i a l  i n  hydrogas i f i ca t ion  of heavy o i l  t o  produce p ipe l ine  gas. 

Gasol ine  y i e l d s  wi th  both  c a t a l y s t s  decreased  r a p i d l y  a t  t he  

This e f f e c t  i n d i c a t e s  t h a t  t he  a d d i t i o n  of uranium t o  t h e  c a t a l y s t  

F igu res  8 and 9 show the  y i e l d s  of gasoline produced from t h e  +400'F feed, and 
p r o p e r t i e s  of t h e  g a s o l i n e s  p l o t t e d  as func t ions  o f  convers ion  f o r  t he  experiments 
w i t h  t h e  two c a t a l y s t s .  
about t he  same wi th  both  c a t a l y s t s  up t o  a convers ion  of about  65  percent.  (As 
prev ious ly  shown, lower tempera tures  were used t o  a t t a i n  t h e  conversion levels with 
t h e  uranium-promoted c a t a l y s t . )  
g r e a t e r  w i t h  t h e  c o b a l t  molybdate, owing t o  the  format ion  of gas  when us ing  t h e  
uranium-containing c o b a l t  molybdate. 
two c a t a l y s t s  were 45.1 weight-percent (58 volume-percent) produced wi th  t h e  uranium- 
con ta in ing  c a t a l y s t  a t  a convers ion  of 76.7 weight-percent (obtained a t  a temperature 
of 922'P) and 46.6 weight -percent  (61.4 yolume-percent) produced wi th  the  c o b a l t  
molybdate at  a conve r s ion  l e v e l  of 85.6 weight-percent (obtained a t  a temperature of 

Gasol ine  y i e l d s  a t  corresponding convers ion  l e v e l s  were 

A t  h ighe r  convers ion  l e v e l s ,  gaso l ine  y i e l d s  were 

Maximum exper imenta l  gaso l ine  y i e l d s  wi th  the  

974'P), 

The a d d i t i o n  of uranium t o  the c a t a l y s t  had an apparent  nega t ive  e f f e c t  on 
e l i m i n a t i o n  of n i t r o g e n  at t h e  lower convers ion  l eve l s ,  bu t  a t  t h e  h igher  conversion 
levels the d i f f e r e n c e s  i n  n i t r o g e n  percentages of the gaso l ines  were very  small. 
Ni t rogen  percentages of  t h e  gaso l ines  a t  conversion levels of 65  percent  o r  more 
were from 0.01 pe rcen t  to  0.02 percent  f o r  t he  experiments w i th  uranium-containing 
c o b a l t  molybdate, compared wi th  about  0.005 percent  f o r  t h e  experiments wi th  coba l t  
molybdate. 
t h e  experimental  range wi th  both  c a t a l y s t s .  A t  t h e  h ighe r  convers ion  l eve l s ,  a ro-  
mat ic  con ten t s  of t h e  g a s o l i n e s  produced wi th  the  uranium-containing c a t a l y s t  were 
g r e a t e r  than  those  of t h e  gaso l ines  produced wi th  t h e  c o b a l t  molybdate, and oc tane  
numbers of the  gaso l ines  produced wi th  t h e  uranium-containing c a t a l y s t  were s l i g h t l y  
h ighe r  than those  of t h e  gaso l ines  produced with c o b a l t  molybdate, 

S u l f u r  c o n t e n t s  of  t h e  gaso l ines  were 0.02 percent  o r  l e s s  throughout 

S M R Y  AND CONCLUSIONS 

The a d d i t i o n  of 1 0  percent  deple ted  uranium oxide t o  F-10 alumina' and t o  c o b a l t  
molybdate increased  t h e  hydrocracking a c t i v i t y  of t hese  c a t a l y s t s ,  permi t t ing  t h e  
use  of lower ope ra t ing  tempera tures  t o  a t t a i n  t h e  same degree  of conversion. 
ope ra t ing  temperatures below about 940'F with  uranium oxide  on c o b a l t  molybdate and 
about  990'F w i t h  uranium oxide  on alumina, t h e  inc reases  i n  conversion caused 
increases in gaso l ine  y i e l d s ,  A t  h igher  temperatures,  t h e  uranium-containing 
c a t a l y s t s  l o s t  t h e i r  advantage  f o r  gaso l ine  production because of increased  conver-, 
s i o n  of products t o  gas. These r e s u l t s  suggest a n  i n v e s t i g a t i o n  be made of deple ted  
uranium f o r  h y d r o g a s i f i c a t i o n  of heavy o i l s  to  produce p i p e l i n e  gas. 

A t  
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Depleted uranium oxide d isp layed  a c t i v i t y  f o r  hydrodesu l fu r i za t ion  when on a n  
alumina support ,  bu t  d i d  not  enhance the  a l r eady  h igh  d e s u l f u r i z a t i o n  a c t i v i t y  of 
t he  coba l t  molybdate. 
from the  l i qu id  products.  

The added uranium showed no advantage f o r  n i t r o g e n  e l imina t ion  
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TABLE 1. - Properties  of topped crude shale  o i l  

ASTM d i s t i l l a t i o n  a t  760 mm: S p e c i f i c  gravi ty  at  60/60"F 0.9408 

I.B.P., OF 407 Sulfur, w t .  % 0.68 

5% rec . ,  "F 

10% rec. ,  "F 

20% rec. ,  " F  

30% rec. ,  "F 

40% rec. , "F 
E . P . ,  O F  

Rec., vol. % 

Res., vol. % 

502 

538 

601 

648 

Cracking 

695 

38 

62 

Nitrogen, w t .  % 

Carbon, w t .  % 

Hydrogen, w t .  % 

Oxygen by d i f f . ,  w t .  % 

H/C atom r a t i o  

Vis., kinematic, c s .  : 

A t  140"F 

A t  210"F 

Carbon res. (Rams.), w t .  % 

2.18 

83.'96 

11.40 

1.78 

1.62 

28.30 

8.23 

3.5 
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flGURE 6.-Hydroqenation of Shale 011 Over F-IO Alumlna. 
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FIGURE 8.-Hydroponotion of Shole 011 Ov-er Depleted U03 on 

Cobolt Molybdote Cotolyst. 
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FIGURE 9.-Hydroqtnotion of Shale Oil Over Cobalt Molybdate 
Catalyst. 
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